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Abstract 
The violent event of a short-circuit leads to short-term exposure of circuit breaker 
components to extremely high current, causing thermal degradation, vaporization and 
deformation of some components and the deposition of surface contaminants.  After 
short-circuit, the leakage current carried by the breaker, when voltage is applied, 
increases dramatically but must remain below a certain threshold to meet acceptance 
criteria.  The goal of this study is to identify the primary leakage current pathways 
through the breaker following short-circuit and to elucidate the role of a protective 
coating, loaded with naturally-occurring clay nanoparticles, on improving the 
electrical performance of the breaker.  A Megger insulation tester was used to test 
both virgin and short-circuited polycarbonate (PC) samples taken from the base of the 
circuit breaker.  Further, direct-current and alternating-current conductivity were 
measured on PC samples by using a Keithley high-resistance meter and broadband 
dielectric spectroscopy, respectively. These tests established that the leakage current 
pathway is primarily through the surface contaminants deposited on the PC during the 
short-circuit event.  Scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDS) were employed to identify the composition and distribution 
of the surface contaminants.  These were found to contain significant amounts of 
metal, accounting for the observed increase in leakage current through the breaker 
following short-circuit.  The protective coating was studied by Fourier transform 
infrared spectroscopy, SEM and EDS, revealing the critical role played by insulating 
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nanoclay in improving dielectric performance of a circuit breaker after short-circuit.   
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Chapter 1. Introduction 
1.1 Development and history of modern circuit breakers 
Over the past 100 years, global demand of electricity has grown, and continues to 
grow, rapidly which makes the safe distribution of electrical power become an urgent 
and important task in the field of electrical engineering. A circuit breaker is defined by 
the American National Standards Institute (ANSI) as “A mechanical switching device, 
capable of making, carrying and breaking currents under normal circuit conditions.” 
Further, a circuit breaker should be capable of making and carrying current for a 
specific time and breaking that current under specified abnormal circuit conditions, 
such as those of a short circuit. All of these features make the circuit breaker an 
important component in the safe transportation of electricity.. 
The first oil tank based circuit breaker was installed in the United States in 1898 at the 
L Street Station of Boston Electric Light Co. (later Boston Edison Co.) [1].This circuit 
breaker was equipped with upward-breaking contacts placed in oil to absorb the heat 
generated from the arc forming. By 1910 some circuit breakers were built as single 
tank per phase unit and had been assigned different voltage and current ratings but 
generally no interrupting kVA or interrupting time classification [2]. Over the years, 
different variations of circuit breakers have been invented for different applications. 
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Figure 1.1.1 An early oil circuit breaker design installed in 1898 at the Boston Light 
Company [1]. 
 
Figure 1.1.2  Illustration of: a vacuum circuit breaker made by Siemens (left); 
vacuum chamber unit of the breaker (right). 
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Water and oil based circuit breakers which use water and oil as the medium to cool 
and eliminate the arc are the earliest form of breakers which are/were mainly used in 
low levels of voltage and current applications. Minimum oil breakers were invented in 
early 1930s to meet the demands of high current applications. The appearance of 
minimum oil breakers lead to a quick phasing out of water and oil based breakers. Oil 
is mainly used as the insulation medium in the earlier age of circuit breaker 
development; however, comparable insulation can be achieved by air if compressed to 
several MPa. Compressed air breakers were invented after a new design of the breaker 
chamber shortly after the invention of minimum oil breakers. It used the convection 
caused by the pressure difference between the inner chamber of the breaker and the 
air outside to cool and eliminate the arc. Both minimum oil breakers and compressed 
air breakers have their own strengths and weaknesses which makes them very close 
competitors each other. Minimum oil breaker has a simple chamber design and 
requires a lower mechanical power to operate the equipment. However, oil, as the 
insulation medium, needs more maintenance and is a fire risk. Compressed air 
breakers, on the other hand, are easier to maintain than minimum oil breaker but 
require more power to operate and generate more audible noise. The appearance of 
SF6 (sulfur hexafluoride) circuit breaker ceased the competition between oil based and 
air based breakers. It was first introduced during 1970’s. Unlike air, SF6 shows very 
good insulation properties at relatively low pressure which brings beneficial features 
of no external compression, low maintenance and low operational noise. Vacuum 
breaker is another type of circuit breaker which was first introduced in the seminal 
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article “The Vacuum Switch and its Application to Power Switching” by Dr Reece in 
1959 [3].When the live contacts are opened in a vacuum circuit breaker, the spiral 
electrodes vaporize to form a metal vapor which provides a medium for arc formation. 
The arc is eliminated as the metal vapor deposits on the electrodes and walls of the 
chamber. 
The vacuum circuit breaker has become the technology of choice for high voltage 
applications from the day it was born, with a challenge from SF6 gas in the 1980’s and 
1990’s. Both technologies are currently available but the vacuum circuit breaker 
remains dominant in the field of high voltage applications [4]. 
1.2 Modern air-based circuit breaker theory and design 
It is easy to cut off the conducting power line when there is no current flowing. 
However, it is extremely hard to interrupt the current flow when the wire is live. 
There are mainly two reasons accounts for this difficulty in cutting off the current for 
all kinds of circuit breakers. The first reason is that when a live cable is cut off, live 
current is forced to flow through a very small area of the wire which causes a high 
concentration of the current and leads to heating, evaporation, deformation and 
thermal degradation of different components of the breaker. As for commonly used air 
compressed circuit breakers, the convection between the inner chamber and the 
external environment is also a severe problem. The convection brings out the 
vaporized components and deposits them onto the breaker surface, which could cause 
the hazard of leakage current. The second reason is that even when a cable is 
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completely cut off, current, due to the formation of ionized plasma, can still flow 
through an electrical arc inside the chamber. Therefore, in order to successfully 
interrupt a current, a circuit breaker must be able to withstand the violent heat and 
eliminate the electrical arc at the same time.  
For the choices of materials used in circuit breakers, polymer composites with 
different loadings of glass fibers and aluminum oxide ceramics, respectively, are used 
to satisfy the need of insulation requirement and provide enough mechanical strength 
for low and high voltage applications. For the choices of contact material, the key 
invention in this field was the development of binary chromium based contact 
materials. The first chromium based material was “CLR”, patented by English 
Electric, which is made of a chromium matrix infiltrated with copper [4]. Other 
variations include powder metallurgy versions such as “LR” invented by 
Westinghouse Corp., and “ZLR” developed by Vacuum Interrupters Limited (See 
Figure 1.2.1) [5].  Chrome copper materials are now in the dominant position of 
manufacture for vacuum interrupters worldwide and are also used in some high-end 
products of other kinds of circuit breakers. 
Regarding elimination of the electrical arc, a conventional circuit breaker will draw an 
arc in some medium (air, SF6 or vacuum) and then sustain the arc until the next 
natural current zero, at which time the arc is either extinguished or it restrikes. If it 
restrikes, the circuit breaker then must interrupt the current at a succeeding current 
zero [6].  The arc elimination method of modern low-voltage circuit breakers, which 
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uses air as a medium to interrupt the short-circuit current, is most strongly related to 
this research and will be discussed in detail in rest of this paragraph. Typical 
components of an air circuit breaker are shown in Figure 1.2.2: 1) the main contact, 
used for transport of the standard load current, 2) the arcing contact, used to withstand 
the arc formed when the main contact is opened, 3) arc chutes, used to split an arc into 
several smaller arcs, and 4) some mechanism used to transport the arc from the arc 
contact to arc chutes. When a short-circuit event occurs, the following events happen 
in chronological order: 1) the main contact is opened while the arcing contact remains 
closed; 2) the arcing contact opens, forming an electrical arc; 3) magnetic force 
produced by the current flowing through the arcing contacts and its lead forces the arc 
into the arc chute; 4) the arc is split by arc chute into several smaller arcs; 5) arc chute 
allows the arc to be cooled until current interruption occurs at a current zero; the arc 
chute also allows the ionization products to be dissipated or absorbed, restoring the 
dielectric strength of the air gap across the open contact [6].  
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Figure 1.2.1 “ZLR” Chrome Copper sintered material 40% Cr 60%Cu. (Vacuum 
Interrupters Limited, 1982) [5] 
 
 
Figure 1.2.2 Schematic of air circuit breaker for low-voltage uses [6]. 
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Several reviews of the circuit breaker technology provide more details about air 
breakers [7], [8], [9]. Other literature [9], [10] provides more information about 
different main and arcing contact configurations. Current limiting technology has also 
been introduced into the circuit breaker design, and this technology has been 
described in several further papers [10], [11], [12]. 
1.3 Low voltage molded case circuit breaker 
The subject of this research is a low voltage molded case circuit breaker (MCCB) as 
shown in Figure 1.3.1. The rating of this breaker as an interrupter is 100 kA at 690 V 
and 200 kA at 440 V. Two major components of the circuit breaker unit are a 
glass-fiber loaded polycarbonate base unit and a polyester interrupter. Inside the 
interrupter  there is a polyethylene terephthalate (PET) washer, Ni-plated arc stack, 
sacrificial nylon plate for arc-cooling and other components. These are shown in 
Figure 1.3.2 along with current input and output paths. 
As shown in Figure 1.3.1, the polycarbonate base is the part of the breaker that is 
exposed to the external environment. This makes the investigation of the dielectric 
properties of polycarbonate of primary interests of my research. 
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Figure 1.3.1 a) top view of a low voltage molded case circuit breaker unit and (b) side 
view. 
 
Figure 1.3.2 Interior structure of a single polyester interrupter unit. 
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1.4 General properties of polycarbonate (PC)  
Polycarbonates (PC) are a widely used group of thermoplastic polymers who receive 
their names by containing carbonate groups (-O-(C=O)-O-). The most common 
method to produce polycarbonate is through the reaction between bisphenol A and 
phosgene. Polycarbonate has a better optical light transmission property than many 
glasses which makes it an ideal material for eyewear lenses. It also has high 
impact-resistance; however, scratch-resistance of polycarbonate is relatively low so a 
protective coating is usually applied to polycarbonate products. Polycarbonate is also 
an important material in the field of electrical engineering for being a good insulator 
and having heating resistant and flame retardant properties. Polycarbonates are widely 
used to produce hardware for electrical and telecommunication applications. Since the 
outer base of the circuit breakers that are the subject of this research is made of 
glass-fiber reinforced polycarbonate and is the primary place where daily contacts 
with the circuit breaker happen, it is extremely important to investigate the general 
properties of polycarbonate as well as how thermal degradation caused by the short 
circuit current might affect the insulation properties of the polycarbonate base. 
In general, polycarbonate, being a thermoplastic polymer, has a glass transition 
temperature around 150 ºC which means it softens gradually above this temperature 
point and begins to flow at around 300 ºC. To make strain and stress free products, 
products of polycarbonate should be held at temperatures above 80 ºC to release 
residual stress. 
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1.5 Thermal degradation of polycarbonate 
Thermal degradation of polycarbonate is of great concern to material engineers, and 
several different theories have been proposed by different researchers to describe the 
thermal degradation mechanisms of polycarbonate. 
Thermal degradation of polycarbonate was investigated by Lee [13] under both 
oxygen atmosphere and vacuum. In his theory, degradation of polycarbonate is 
initiated by the cleavage of oxidative hydrogen from the isopropylidene linkage. 
Hydrolysis and alcoholysis happen after the cleavage of oxidative hydrogen. Lee also 
assigned various evolved products with the help of mass spectroscopy as well. The 
degradation pathway based on Lee’s chain scission theory is show in (A) and (B) of 
Figure 1.5.1. 
A great deal of research on thermal degradation of polycarbonate has been conducted 
by Davis et al., their theory is shown in (C) and (D) of Figure 1.5.1. Phenol, carbon 
dioxide and bisphenol A are detected as main volatile products in their tests. They also 
reported the detection of small amounts of alkyl phenol, diphenyl carbonate and 
carbon monoxide. Davis et al. assumed that rearrangement processes had happened to 
the carbonate group, followed by hydrolysis and alcoholysis processes. In addition, 
they also proposed the formation of the xanthone unit, as shown in Figure 1.5.1 (C), 
during the thermal degradation process [14], [15], [16]. 
12 
 
 
Figure 1.5.1 Degradation pathway proposed by different researchers [17]. 
The thermal degradation mechanism of polycarbonate under nitrogen atmosphere has 
also been studied by Mc Neill et al. with the help of thermal volatilisation analysis. 
Cyclic oligomers of bisphenol A carbonate and other phenol structures with masses of 
less than 228 have been detected and assigned with the help of a gas chromatography 
equipped with a mass detector. They proposed a homolysis chain scission mechanism 
based on their studies [18], [19]. 
Jang et al. suggested the main degradation pathways of polycarbonate, end-capped 
with t-butylphenol, are chain scission of isopropylidene linkages and 
hydrolysis/alcoholysis of carbonate linkages based on a fourier transform infrared 
spectroscopy (FTIR), thermo-gravimetric analysis (TGA) and mass spectral study. 
They also mention in their paper that different end caps on the polycarbonate chains 
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may produce different degradation pathways which give rise to different degradation 
products [17]. 
Extensive studies of thermal degradation mechanism have been conducted by 
different researchers, their experimental results have been described and discussed in 
several papers [20], [21], [22], [23], [24], [25], [26], [27], [28]. 
Concetto et al. presented the TGA curves of PC (Figure 1.5.2) in their research which 
indicates that polycarbonate is stable up to 400 °C and decomposes in a single step 
with a temperature of maximum rate of polymer decomposition at 500 °C, leaving 20% 
of residue at 800 ºC [29]. 
 
Figure 1.5.2 TGA measurement results of PC, PRC and PHC [29]. 
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1.6 Research goals 
Leakage current is usually defined as any current that flows when the ideal current 
should be zero; or it can also be defined as the current that flows through the 
protective shield to the external environment. A short circuit in a circuit-breaker is a 
violent event which can cause thermal degradation and deformation of breaker 
components due to the short-term exposure of the circuit breaker to the extremely 
high short circuit current. The actual current during short circuit is about 30 kA. 
Surface contaminants are also released after the short circuit event, due to 
vaporization of some components. The thermal degradation and release of 
contaminants can cause distinct increases in leakage current of breakers after a short 
circuit event. The industrial standard that sets the requirements for leakage current 
after short circuit events is IEC 60947-2 paragraph 8.3.3.5 which requires the current 
leakage from the line side to the load side of the circuit breaker shall not exceed 2 
mA.). A single-source protective coating is applied to the composite PC bases 
reinforced by glass fibers of circuit breakers to improve their dielectric performance 
after short circuit event by Schneider Electric. Nonetheless, dielectric performance of 
circuit breakers after short circuit event is in need of improvement.   
The primary tasks of this research are to find the reason for the increase of leakage 
current after the short circuit event and proposed new materials and/or protective 
coatings to improve the dielectric performance of circuit breakers.  During the 
course of this research, thermal properties of different components of the circuit 
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breaker and protective coating have been studied by TGA and differential scanning 
calorimetry (DSC). Alternating current and direct current conductivity of virgin and 
short-circuited polycarbonate bases have been measured to evaluate the effect of 
short-circuit on their dielectric performance. Surface contaminants from 
short-circuited circuit breakers have been analyzed by scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) to investigate 
the role of surface contaminants in supporting the leakage current. Cured protective 
coatings were also studied through SEM, EDS and Fourier transform infrared (FTIR) 
spectroscopy to identify the active components of the coating. 
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Chapter 2. Experimental techniques 
2.1 Broadband dielectric/conductivity spectroscopy 
Broadband dielectric/conductivity spectroscopy is a proven and sensitive technique 
for measuring impedance spectrum Z*(ω) and polar dynamics of a sample material 
placed between electrodes over a broad temperature and frequency range. Other 
electrical properties of a sample such as complex conductivity σ*(ω), permittivity 
ε*(ω) and permeability μ*(ω) can be derived from Z*(ω) if the sample dimensions are 
known. Therefore, broadband dielectric/conductivity spectroscopy is widely used by 
different scientific communities as an important and powerful tool for investigating 
electrical properties of polymers [30], [31], [32] and polymer based composites [33], 
[34], [35]. 
Alternating current conductivity of different samples was measured by Novocontrol 
broadband dielectric spectroscopy (Figure 2.1) over the frequency range from 0.01 Hz 
to 1 MHz at room temperature to evaluate dielectric performance of PC samples both 
before and after short circuit event. 
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Figure 2.1 Illustration of Novocontrol broadband dielectric spectroscopy instrument 
(left); principle setup of a dielectric spectrometer for material analysis (right) used to 
measure the alternating current conductivity of PC samples [36]. 
2.2 Keithley 6517A electrometer/high-resistance meter  
Keithley 6517A Electrometer/High-Resistance Meter’s built-in voltage source and 
low current sensitivity makes it a powerful tool for low current, high resistance and 
charge measurements (Figure 2.2). It’s full span of current ranges from 1 fA to 20 mA, 
resistance from 50 Ω to 1016 Ω, voltage from 10 μV to 200 V and charge from 10 fC 
to 2 μC. Direct current conductivity σ(t) of a sample can be derived from current I(t) 
with the knowledge of applied voltage V(t) and sample dimensions. 
Both virgin and short-circuited PC samples were tested by Keithley 6517A 
Electrometer/High-Resistance Meter to examine the effect of the short-circuit event 
on direct current conductivity of PC bases. 
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Fig. 2.2 Keithley 6517A Electrometer/High-Resistance Meter integrated with 
Novocontrol broadband dielectric spectroscopy used for measuring direct current 
conductivity of PC samples. 
2.3 Scanning electron microscope (SEM) 
Scanning electron microscopy (SEM) is a widely used experimental technique for 
examining morphology of different materials. SEM forms an image of a sample by 
scanning the sample with an electron beam which interacts with atoms of the sample 
to produce signals (secondary electrons and backscattered electrons) containing 
detailed information of the sample morphology, composition and other properties. An 
FEI Quanta-250 SEM (Figure 2.3) was used here under environmental (extended 
vacuum) mode to examine non-conductive samples. It provides a lateral resolution of 
1.2 nm with the equipped field-emission gun. 
Virgin PC samples were measured by FEI Quanta-250 SEM to study their 
morphology and composition. Surface contaminants deposited following short-circuit 
of PC samples were also studied. 
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Fig. 2.3 The FEI Quanta-250 scanning electron microscope used for examining the 
morphology of virgin PC samples and surface contaminants deposited following 
short-circuit of PC samples . 
2.4 Energy-dispersive X-ray spectroscopy (EDS) 
Characteristic X-ray emission, complementary to secondary electrons and 
backscattered electrons, is another widely used signal produced by the interaction 
between the electron beam used in SEM and the sample. After the electrons coming 
from the beam promote inner orbital electrons to a higher atomic orbital, an X-ray 
photon may be generated when outer electrons drop into these vacant inner atomic 
orbitals. Characteristic X-ray photons were captured and analysed by 
energy-dispersive X-ray spectroscopy (EDS) equipped with FEI Quanta-250 SEM to 
identify the composition of the sample. EDS (Figure 2.4) is suitable for both 
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qualitative and quantitative analyses. Element mapping is a typical testing method 
which generates a two-dimensional image that shows the composition and relative 
distribution (complementary or correlating) of different elements in a sample. 
Virgin PC samples, surface contaminants deposited on both coated and uncoated PC 
samples were analysed by EDS to study their chemical compositions. Further, 
element mapping experiments conducted on the same samples gave more detailed 
information about the distribution of different elements. 
 
Figure 2.4 Energy-dispersive X-ray spectroscopy equipped with FEI Quanta-250 
scanning electron microscope used for examining the composition of virgin PC 
samples, and of surface contaminants deposited on both coated and uncoated PC.  
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2.5 Thermo gravimetric analysis (TGA) 
Thermo gravimetric analysis (TGA) is a commonly used method for investigating 
thermal properties of materials. It measures changes in sample weight related to 
changes in temperature which corresponds to degradation, oxidation or other reactions 
of a certain substance. Weight loss versus temperature curves are usually used to 
present and interpret the TGA test results.  
In my research, a Thermal Analysis (TA) Instruments Q50 Thermo-gravimetric 
analyzer (Figure 2.5) was utilized to measure the degradation temperatures of 
different components of the composite PC sample. 
 
Figure 2.5 TA Q50 thermo gravimetric analyzer used for testing degradation 
temperature of the PC samples. 
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2.6 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) is a thermoanalytical technique which 
measures the difference in heat flow to a sample and a reference as function of 
temperature and time. The reference used in DSC measurement is usually an empty 
pan while the sample is placed on another pan with the same size and composition. It 
is a powerful tool to investigate glass transition, melting and crystallization processes 
of multi-component materials. For a constant heating rate, this signal is proportional 
to the heat capacity of the material. The difference in heat flow between a sample and 
a reference is:  
∆
dH
dt
= (
dH
dt
)
sample
− (
dH
dt
)
referemce
                                      (1) 
In an endothermic process, ∆(dH/dt) is a positive value which means heat flow to the 
sample is higher than that to the reference. An endothermic process is commonly 
related to most phase transitions, dehydrations, protein denaturation and some 
decomposition reactions.  In an exothermic process, ∆(dH/dt) is a negative value 
which means the reference absorbs more heat than the sample, this is usually related 
to crystallization, oxidation reaction and some cross-linking processes [37]. 
A TA Instruments Q2000 differential scanning calorimeter (Figure 2.6) was used in 
this research to study the thermal transition temperatures (glass transition temperature, 
flow temperature, crystallization temperature etc.) of PC samples. 
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Figure 2.6 TA Instruments Q2000 differential scanning calorimeter used for 
investigating thermal transition temperatures of virgin PC samples. 
2.7 Megger MIT 510/2 insulation tester 
The Megger MIT 510/2 insulation tester (Figure 2.7) is specifically designed for 
testing the electrical insulation properties of materials for high-voltage applications. 
For example, the insulation resistance of dielectric materials can be obtained. Leakage 
current as a function of time, I(t), can be derived from resistance R(t) with knowledge 
of applied voltage V(t). The applicable voltage range of MIT 510/2 is from 250 V to 
10.0 kV, while the detectable resistance range is from 10 kΩ to 15 TΩ.  
In this work, the Megger MIT 510/2 insulation tester was used to test the leakage 
24 
 
current of both virgin and short-circuited (without removing the surface deposits) PC 
samples at 1000 V applied voltage, to compare the dielectric performance of PC base 
before and after a short circuit event. 
 
Figure 2.7 Megger MIT 510/2 insulation tester used for leakage current test on both 
virgin and short-circuited PC samples.  
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2.8 Fourier transform infrared spectroscopy (FTIR) 
Fourier transform infrared spectroscopy (FTIR) is a widely used experimental 
technique for analyzing chemical bonding and compositions of either organic or 
inorganic materials.  It can be used to test solids, liquids, and gases. Different 
chemical bonds and compositions of samples are identified as they undergo 
vibrational and rotational motion at different IR wavelengths. A given bond has 
several specific vibrational and rotational frequencies which correspond to the ground 
state (lowest frequency) and excited states (higher frequencies). FTIR spectra of pure 
compounds are unique and can be used as “fingerprints” to identify these compounds. 
FTIR is also suitable for quantitative analysis since the strength of IR absorption is 
proportional to the concentration of its characteristic chemical bond.  A potassium 
bromide (KBr) holder is used for analyzing liquid samples since KBr does not show 
any characteristic peaks in the IR. For solid samples, it is common to dissolve them in 
a solvent and then place the solution onto a KBr holder. After the solvent is 
evaporated, a film of the solid sample is left on the holder. This sample preparation 
process is called film casting which is usually used for polymer samples. 
In this work, FTIR analysis was conducted on the protective coating applied to the 
base of the circuit breaker to improve its insulating properties following short-circuit.  
Transmission mode FTIR analysis was conducted. The film casting technique was 
employed for sample preparation, beginning with the liquid form of the protective 
coating.  
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Figure 2.8 IRAffinity-1 Fourier transform infrared spectroscope used to study the 
composition of the protective coating applied to the PC circuit-breaker base. 
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Chapter 3. Affects of short circuit events on dielectric performance of 
circuit breaker 
3.1 Thermogravimetric analysis on PC samples 
Thermogravimetric analysis, as described in section 2.5, was conducted to measure 
the thermal degradation temperature of a sample cut from the polycarbonate base. As 
described in section 1.5, the PC samples studied in this work are a composite material 
with glass fibers used as reinforcement phase. Thermogravimetric analysis was 
conducted in air atmosphere with a heating rate of 20 °C /min. The measurement 
result is shown in Figure 3.1. 
 
Figure 3.1 TGA measurement result of PC circuit-breaker base. 
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It can be seen, from the TGA measurement result, that two degradation processes 
occur during heating. The first degradation process begins at 390 °C and reaches its 
peak value at 460 °C.  This behavior is in accordance with the degradation 
temperature of polycarbonate shown in the literature (Figure 1.5.2). The second 
degradation process starts at 480 °C and reaches its peak value at 570 °C, leaving 10% 
residue at 700 ºC. According to the material data sheet, glass fibers have been added 
to the polycarbonate matrix, so the second degradation process revealed by TGA 
measurement should be assigned to the degradation of glass fibers existing in the 
polycarbonate base. 
3.2 Differential scanning calorimetry measurements on PC samples 
A differential scanning calorimetry measurement, as described in section 2.6, was 
conducted to investigate the glass transition temperature of a sample cut from the 
polycarbonate base. DSC was conducted in helium atmosphere with a heating rate of 
20 °C /min.  The measurement result is shown in Figure 3.2. 
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Figure 3.2 DSC measurement result for PC circuit-breaker base. 
As shown by the DSC measurement, the glass transition temperature of polycarbonate 
occurs at 146.5 °C which is in accordance with the value 150 ºC discussed in section 
1.3. It is noteworthy that the difference in glass transition temperatures between the 
literature and experimental values might arise due to the difference in the applied 
heating rates. For example, a higher heating rate acts to shift the measured glass 
transition temperature to a higher value whereas a slower heating rate has the opposite 
effect. 
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3.3 Leakage current on virgin and short-circuited PC samples 
Leakage current tests , as mentioned in section 2.7, were conducted using a Megger 
MIT 510/2 5kV Insulation Tester. Both virgin samples and short-circuited samples 
(without removing the surface deposits) were tested at 1000 V applied voltage to 
compare the dielectric performance of PC base before and after a short circuit event. 
The clamps used to connect the sample and the Megger MIT 510/2 5kV Insulation 
tester were reconnected after each single measurement. 
3.3.1 Virgin PC samples 
Samples of two different sizes, 50 x 25 mm
2
 and 30 x 25 mm
2
, were cut from a virgin 
polycarbonate (PC) base. After cutting, silver electrodes with thickness of 50 to 150 
nm were sputtered at both ends of each sample. The cutting, sputtering and testing 
processes are shown in Figure 3.3. After silver electrodes were applied to the samples, 
they were tested using the Megger insulation tester, ten times at the same point on 
each sample, the clamp being reconnected between each single test.  The test results 
on the 30 x 25 mm
2 
samples, after averaging, are shown in Figure 3.4. The reason for 
selecting values of leakage current at both 30 s and 60 s is that there are 3 classes of 
current:  conduction, absorption, and charging. When a voltage is applied across the 
insulation, the conduction current will start at zero and approach a constant value, 
with increasing time.  The charging current is the displacement current associated 
with the real part of the permittivity while the absorption current is the displacement 
current associated with the imaginary permittivity.  Both of these displacement 
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currents start with a high value and approach zero as time increases.  This means that, 
taking measurements at 30 s and 60 s and/or 10 min provides information about the 
rate of change of these currents as a function of time and, thus, how safe the insulation 
is. 
The reason for not showing leakage current test results of the 50 x 25 mm
2 
samples is 
that the values of resistance measured on this sample exceed the limit of Megger 
insulation tester (3.00 TΩ). 
 
 
Figure 3.3 Illustration of sample cutting and leakage current testing on virgin PC 
samples. 
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Figure 3.4a Leakage current test result of sample (30 x 25 mm
2
) cut from a virgin 
base. 
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Figure 3.4b Resistivity test result of sample (30 x 25 mm
2
) cut from a virgin base. 
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3.3.2 Short-circuited PC samples 
Eleven samples were cut from each of six short-circuited polycarbonate/glass-fiber 
bases.  Three samples with dimensions 14 x 23 mm
2
 and two with dimensions 22 x 
22 mm
2
 respectively were cut from the bottom of each base as illustrated in Figure 3.5 
Another six samples with dimensions 30 x 25 mm
2
 were cut from the sidewalls of 
each base as shown in Figure 3.6.  Of the six bases tested, bases 1 to 3 had a 
protective dielectric coating applied to samples 1, 2 and 3, while bases 4 to 6 were not 
coated. This information is summarized in Table 1. A numbering system is introduced 
to define samples from different positions of different bases; 1-A2, for example, refers 
to a sample cut from base 1 and position A2. After cutting, the samples were tested by 
using the Megger insulation tester without disturbing the layer of deposits resulting 
from the short-circuit event. Bases A1-B3, 5 and 6 were tested within 24 hours of the 
short-circuit event while bases 1, 2 and 3 were tested within 60 hours of the 
short-circuit event. For each single sample, leakage current tests were conducted 5 
times at the same location and the clamp was reconnected between each individual 
test. 
Table 1. Samples from short-circuited PC bases are labeled i-j where i is the base number and 
j refers to the location from which the sample was cut, Figures 3.5 and 3.6.  
Base Sample description 
1 to 3 Protective dielectric coating applied to samples 1, 2 and 3 
only (designated 1-1, 1-2,…,3-2, 3-3), not samples 1-5, 1-6 etc. 
4 to 6 No protective dielectric coating 
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Figure 3.5 Illustration of samples cut from the bottom of the PC base. 
 
Figure 3.6 Illustration of samples cut from the sidewalls of the PC base. 
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The average leakage current test results of all 6 bases, measured at 30 s and 60 s, are 
shown in Figures 3.7 and 3.8 respectively. It is noteworthy that the resistance 
measured on short-circuited samples is generally below 10 MΩ which is much 
smaller than the equipment’s measurement limit of 3.00 TΩ. Comparing the test 
results of short-circuited samples with those for virgin samples with the same size see 
Figure 3.3, it can be seen that the average leakage current increases by a factor of 
between 10
3
 and 10
7
. Generally speaking, samples cut from coated bases (1-3) show a 
lower leakage current than those cut from uncoated bases (4-6), except samples from 
positions A1, B2 and 5. Samples A1 and B2 show very similar test results for both 
coated and uncoated bases, while uncoated samples B2 show a larger current than 
coated samples B2 in the 60 s leakage current test, however this result is not reliable 
due to the large uncertainty that exists in the test. Samples 5 from coated bases show a 
higher leakage current than samples 5 from uncoated bases after 30s of leakage 
current test but, similarly, this result is not reliable due to the large uncertainty that 
exists in the test. It is noteworthy that the value of average leakage current of samples 
from coated bases is around 800 μA while the value for samples from uncoated bases 
is around 1400 μA. It is noteworthy that leakage current should not be compared 
directly for samples of different size (sample sizes are given in the caption of Figure 
3.7). Two possible mechanisms might explain this increase of leakage current. One is 
that, during short-circuiting, the polycarbonate base degrades causing the increase of 
its conductivity which in turn increases the leakage current. This mechanism has been 
disproved, however, by the AC/DC conductivity test which is discussed in detail in 
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the following section. Another possible explanation is that the deposited layer is 
highly conductive, accounting for the increase in the leakage current. This hypothesis 
is supported by results described later, of SEM/EDS experiments, which show that a 
significant percentage of metal elements exist in the deposited contaminant layers 
formed in the short circuit event. It is also noteworthy that a different leakage current 
path is probably taken each time the clamps are reconnected to the test piece, due to 
the random distribtution of the deposited contaminants and changes that may occur in 
the contaminants due to previous measurements. These two reasons should be 
primarily responsible for the uncertainty that is observed in the leakage current 
measurements.  
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Figure 3.7 Mean leakage current of bases 1 to 6 after 30 s. Bases 1 to 3 are coated, 
with the protective coating applied to samples 1 to 3, while bases 4 to 6 are uncoated. 
For sample 1 (bases 1-3) the mean leakage current is 0.01 μA and for sample 1 (bases 
4-6) the average leakage current is 7 μA. Samples A1-B3 have dimension 30 x 25 
mm
2
, samples 1-3 have dimension 23 x 14 mm
2
, samples 5-6 have dimension 22 x 22 
mm
2
. 
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Figure 3.8 As for Figure 3.7 but leakage current is recorded after 60 s. (For sample 1 
(bases 1-3) the mean leakage current is 0.01 μA and for sample 1 (bases 4-6) the 
average leakage current is 7 μA.). 
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3.4 Conductivity measurements on PC samples 
Alternating and direct current conductivity measurements, as mentioned in sections 
2.1 and 2.2, were conducted using Novocontrol broadband dielectric spectroscopy and 
a Keithley 6517A high-resistance meter, respectively. During conductivity 
measurements, three groups of samples were tested.  Samples A1-B3 (as shown in 
Figure 3.6) were cut from a virgin base, samples A’1-B’3 were cut from a virgin base 
and annealed at 85°C for 2 hours to relieve residual stress, and samples A*1-B*3 were 
cut from a short-circuited base and the deposited surface contaminants removed as 
described below. For all three sets of bases, samples from positions A3 and B3 were 
polished to remove molded features and ensure a flat surface as well as good contact 
with the electrodes for the conductivity measurement described in the following 
paragraph. The deposits on the short-circuited samples were removed by using 
alcohol to remove the loose surface layer followed by ultrasonic washing to remove 
the more strongly bonded layer. After washing, the sample surfaces appeared virgin 
and flat, suitable for dielectric measurements. After polishing or washing all samples 
were held in a furnace at 45 °C for 12 hours to remove water. 
An opposing pair of silver electrodes with thickness 50 to 150 nm and diameter 20 
mm were sputtered on all samples prior to conductivity measurement, Figure 3.9, to 
ensure a uniform distribution of the electric field across the sample, to improve the 
accuracy of the measurement. 
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Figure 3.9 Novocontrol dielectric spectrometer (left); sample cell and electrodes 
(middle); PC sample with sputtered electrode (right). A matching electrode is 
sputtered onto the opposite side of the sample. 
3.4.1 AC conductivity measurements 
AC conductivity  measurements were conducted on PC samples using a Novocontrol 
dielectric spectrometer  over the frequency range from 10
-2
 to 10
6
 Hz at room 
temperature. The real part of the conductivity is plotted in Figure 3.10 over the 
frequency range from 10
-2
 to 10
6
 Hz. 
Each of the three curves shown in Figure 3.10 is the value obtained by averaging the 
results for 6 samples (A1-B3) taken from the same base. By combining the 
uncertainty that exists in the thickness measurements of different samples (4%) and 
the instrument uncertainty together, it is likely the small variations between the 
measurement results of different sets of samples is primarily due to the measurement 
uncertainty, rather than the property variations between different samples. 
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Nonetheless, the conductivity of all three sets of bases are still very low indicating 
that they are all good insulators.   
3.4.2 DC conductivity measurements 
DC conductivity tests were conducted by using a Keithley 6517A Electrometer/ 
High-Resistance Meter with 10
3
 V/cm applied to each sample at 30 °C for 60 minutes. 
Data were averaged over 6 samples (A1-B3) taken from the same base.  
As with the results for AC conductivity, small variations exist between DC 
conductivity measured on samples taken from different bases, shown in Figure 3.11 
Again, these differences do not degrade the material’s performance as a good 
insulator. 
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Figure 3.10 Mean AC conductivity of 3 sets of bases (A1-B3 cut from a virgin base; 
A’1-B’3 cut from a virgin base and annealed at 85°C for 2 hours to relieve residual 
stress; A*1-B*3 cut from a short-circuited base with layer of deposits removed). 
41 
 
0 10 20 30 40 50 60
1E-15
1E-14
1E-13
 A1-B3 DC Conductivity
 A'1-B'3 DC Conductivity
 A*1-B*3 DC Conductivity
A
v
e
ra
g
e
 D
C
 C
o
n
d
u
c
ti
v
it
y
 (
S
/m
)
Time (min)
 
Figure 3.11 As for Figure 3.10 but for DC conductivity. 
To summarize the results of both AC and DC conductivity measurements it can be 
concluded that, even though moderate differences are observed in conductivity 
between virgin and short-circuited PC samples after the removal of surface deposits 
(which are very likely due to the measurement uncertainty rather than property 
variation between different sets of samples), these variations are not sufficient to 
explain the large (factor of around 10
6
) increase of leakage current observed in a 
circuit breaker after short-circuit.  The short circuit event does not significantly 
affect the dielectric properties of the polycarbonate base. 
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Chapter 4. Identification of composition of PC substrate & surface 
contaminants 
4.1 SEM measurements on virgin & short-circuited PC samples 
An environmental scanning electron microscope (SEM), as described in section 2.3, 
equipped with energy-dispersive X-ray spectroscopy (EDS), as described in section 
2.4, was used to study the morphology and composition of the contaminants deposited 
after short circuit, as well as the virgin PC samples. The choice of environmental 
SEM avoids introducing uncertainty in evaluating the weight percentage of different 
constituents of the sample, during EDS, that might arise in normal SEM when a 
carbon coating is sputtered onto the sample surface to help eliminate the charging 
effect and bring about better resolution in the SEM image. Environmental SEM 
eliminates the charging effect without coating the sample, which reduces the 
uncertainty in the EDS test result. 
Samples 1-2, 6-2, 1-5, 6-5 and 7-A3 (virgin) were tested by the SEM and EDS. 
Samples 1-2 and 1-5 are taken from base 1 (treated with dielectric coating on sample 
1-2 but not 1-5).  Samples 6-2 and 6-5 are taken from base 6 and are not treated with 
protective dielectric coating.  The reason for such a choice is that, in the leakage 
current measurement (Figures 3.7 and 3.8), position 2 shows the biggest difference in 
leakage current between coated and uncoated samples, whereas position 5 shows the 
highest leakage current for both coated and uncoated samples. Sample 7-A3 from a 
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virgin base is chosen for comparison purposes.  
4.1.1 SEM measurements on virgin PC samples 
Figures 4.1 and 4.2 show the backscattered electron image of sample 7-A3 at different 
magnitudes. Since it is a backscattered electron image the dark background, light rods 
and white spots which are different in color indicate that their compositions are quite 
different. The dark background indicates PC and the light rods are glass fibers.  The 
white spots most likely indicate pigments added to the PC matrix. This interpretation 
is supported by the EDS measurement results discussed in the following section. 
 
Figure 4.1. SEM image of sample 7-A3 (virgin; not-short circuited) at 150X 
magnification with glass fibers appearing as light rods and pigments appearing as 
white spots. 
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Figure 4.2. As for Figure 4.1 but at 500X magnification. 
4.1.2 SEM measurements on short-circuited PC samples 
Figures 4.3 and 4.4 show SEM images of sample 1-2 taken at 500X and 15000X 
magnification, respectively, and show the typical 3D morphology of the layer of 
deposited contaminants.  It can be seen that the distribution and thickness of the 
deposited layer is not uniform. 
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Figure 4.3. SEM image of sample 1-2, treated with protective dielectric coating, 
showing a typical distribution of the layer of deposited contaminants, at 500X 
magnification. 
 
Figure 4.4. As for Figure 4.3. but at 15,000X magnification. 
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Figures 4.5 to 4.7 show SEM images of samples 6-2 (not treated with protective 
dielectric coating), 1-5 and 6-5 at 500X and 15000X magnification.  In Figure 4.5 it 
can be seen that the layer of deposited surface contaminants is more evenly 
distributed compared with the one of sample 1-2 (Figure 4.3). This evenly distributed 
nature of deposits may contribute to the reason why sample 6-2 shows a larger 
leakage current than sample 1-2, since current could more easily pass through the 
surface layer deposited on sample 6-2. 
The uneven distribution of the deposited layer on sample 1-2 could also be confirmed 
by comparing Figure 4.4 with Figures 4.5, 4.6 and 4.7. In Figures 4.5, 4.6 and 4.7 less 
base surface is exposed than shown in Figure 4.4. Moreover, the size of particles 
visible in Figures 4.5, 4.6 and 4.7 are more uniform than those visible in Figure 4.4.  
There is not much difference between sample 1-5 (Figure 4.6) and sample 6-5 (Figure 
4.7), however. 
  
Figure 4.5. a) SEM images of sample 6-2 (not treated with protective dielectric 
coating) at 500X and b) 15,000X magnification. 
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Figure 4.6. a) SEM image of sample 1-5 (treated with protective dielectric coating at 1, 
2, 3 positions) at 500X and b) 15,000X magnification. 
 
Figure 4.7. a) SEM image of sample 6-5 (treated with protective dielectric coating at 1, 
2, 3 positions) at 500X and b) 15,000X magnification. 
4.2 EDS measurements on virgin & short-circuited PC samples 
EDS was used to examine both virgin (A3 cut from a virgin base) and short-circuited 
samples (1-2, 1-5, 6-2, 6-5) to collect information about the composition and 
distribution of different elements within the surface deposits. The results of the EDS 
examination are shown in Figures 4.8 to 4.12 and summarized in Table 2.. The test 
results of sample 7-A3 are in accordance with the information of the material data 
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sheet that there glass fibers and pigments exist in the PC base. Moreover, the 
conclusion made in the SEM section, that coated samples (1-2) have more surface 
exposed in between the deposits of the surface  layer than other samples (6-2, 1-5, 
6-5), has also been confirmed by the EDS measurement. This can be confirmed by 
examining the column of ‘Other’ elements of Table 2, since sample 1-2 shows a lower 
ratio in this column than other samples. This means more signals come from the 
exposed PC substrate itself rather than the deposited layer of contaminants. 
In Figure 4.13, various elements are mapped according to their spatial distribution 
over the image presented in Figure 4.4. These maps, Figure 4.13 show that the various 
elements are not uniformly distributed in the deposited layer. The maps also indicate 
the way in which composition changes from place to place over the area imaged in 
Figure 4.4. 
Comparing Figures 4.4 and 4.13, some conclusions can be summarized as follows:  
1. Some polymer/dielectric coating shows between the deposited particles.  
2. The distribution of different elements is not uniform over the deposited layer. 
3. Lighter particles appearing in Figure 4.4 are high in Ag along with Fe and/or 
Cu.  
4. The gray ball in the lower right quadrant of Figure 4.4 is high in O, Si and Ca.  
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 Figure 4.8 EDS spectra of virgin PC sample (7-A3) a) overall distribution of 
different elements at 150 magnification; b) the distribution of different elements of 
polymer matrix. 
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Figure 4.8 EDS spectra of virgin PC sample (7-A3) c) distribution of different 
elements of the glass fiber; d) distribution of different elements of pigments. 
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Figure 4.9 EDS spectra of short-circuited PC sample (1-2P) a) overall distribution of 
different elements at 500 magnification; b) distribution of different elements of the 
light aggregation (Figure 4.3). 
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Figure 4.9 EDS spectra of short-circuited PC sample (1-2P) c) distribution of different 
elements at of the dark background (dark spot, Figure 4.4); d) the distribution of 
different elements of the bright spot (Figure 4.4). 
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Figure 4.10 EDS spectra of short-circuited PC sample (1-5) based on Figure 4.6, a) 
overall distribution of different elements at 500 magnification; b)distribution of 
different elements at 5000 magnification 
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Figure 4.11 EDS spectra of short-circuited PC sample (6-2) a) overall distribution of 
different elements at 500 magnification (Figure 4.5(a)); b) distribution of different 
elements of the bright ball (Figure 4.5(b)). 
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Figure 4.11 EDS spectra of short-circuited PC sample (6-2) c) distribution of different 
elements of the bright ball (Figure 4.5(b)); d) the distribution of different elements of 
the gray ball (Figure 4.5(b)). 
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Figure 4.12 EDS spectra of short-circuited PC sample (6-5) based on Figure 4.7, a) 
overall distribution of different elements at 500 magnification; b)distribution of 
different elements at 15000 magnification 
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Figure 4.13a Distribution maps of different elements (C, O, Mg, Al, Si, Ca) appearing 
in the layer of deposited contaminants, corresponding to the image of Figure 4.4. 
58 
 
 
Figure 4.13b Distribution maps of different elements (Ti, Zn, Fe, Cu and Ag) 
appearing in the layer of deposited contaminants, corresponding to the image of 
Figure 4.4. 
 
  
5
9
 
Table 2. Results of energy-dispersive X-ray spectroscopy (EDS) on virgin sample 7-A3, based on Figure 4.2; short-circuited sample 1-2, based 
on Figure 4.4; and uncoated samples 6-2, 1-5 and 6-5, based on Figures 4.5 to 4.7. Significant elements for each sample/location are highlighted. 
Sample Tested spot Comment C O Other F Na Mg Al Si S K Ca Ti Fe Ni Cu Zn Ag Sb Total 
Virgin Base 
7-A3/Surface 
Overview polymer 81.2 17.5 1.3 
   
0.1 1.0 0.1 
  
0.2 
      
100.0 
Virgin Base 
7-A3/Surface 
Pigments Titania 65.3 21.1 13.6 
    
0.8 0.1 
  
10.0 
 
0.6 
   
2.2 100.0 
Virgin Base 
7-A3/Surface 
Glass fiber 
Al, Si, Na, 
SK 
72.8 18.2 9.0 
 
2.0 
 
1.9 2.9 1.8 0.4 
 
0.1 
      
100.0 
1-2P/Site-1 500x overview Ag, Al, Si 21.3 22.4 56.3 
   
9.4 11.9 0.2 
 
0.2 0.3 2.7 
 
6.2 4.4 21.0 
 
100.0 
1-2P/Site-1 Light spot Ag-rich 18.2 15.3 66.5 
   
4.9 6.3 0.3 
 
0.3 0.2 3.4 
 
9.2 5.4 36.5 
 
100.0 
1-2P/Site-1 Dark spot Al, Si-rich 18.0 32.5 49.5 
 
0.2 0.1 12.4 16.0 0.2 
 
0.1 0.3 1.8 
 
3.0 3.5 11.9 
 
100.0 
1-2P/Site-1 Bright spot Ag, Cu 9.6 10.0 80.5 
  
0.2 3.3 3.3 0.2 
   
3.4 0.4 15.1 1.5 53.2 
 
100.0 
1-5/Site-1 
1-5P 500x 
overview 
Ag, Fe, Cu 17.9 5.1 77.1 
  
0.2 1.6 1.3 0.3 
 
0.4 
 
22.9 1.1 7.8 1.9 39.7 
 
100.0 
1-5/Site-1 1-5P 5000x Ag, Fe, Cu 17.9 4.9 77.2 
   
1.6 1.2 0.3 
 
0.3 0.2 23.9 1.2 7.3 1.9 39.4 
 
100.0 
6-2/500x 500x Ag, Cu 14.0 5.9 80.1 
   
2.5 0.9 0.3 
 
0.4 
 
7.9 0.5 18.2 1.5 48.0 
 
100.0 
6-2/15000x Bright ball-1 Ag, Cu 9.3 5.0 85.7 
  
0.2 2.0 0.6 0.2 
 
0.3 
 
3.7 
 
27.9 
 
50.9 
 
100.0 
6-2/15000x Bright ball-2 Ag, Cu 8.3 7.7 84.1 
  
0.2 2.6 0.7 0.1 
   
3.9 0.4 21.2 0.7 54.4 
 
100.0 
6-2/15000x Gray ball Ag, Cu 11.3 33.3 55.4 
  
0.5 14.5 3.3 0.2 
 
2.5 
 
3.8 0.3 6.8 0.6 23.0 
 
100.0 
6-5/Site-1 500x Overiew Ag, Fe, Cu 16.4 3.5 80.1 
   
1.4 0.7 0.3 
 
0.3 0.1 22.7 0.8 15.6 1.3 36.9 
 
100.0 
6-5/Site-1 15000x Ag, Fe, Cu 18.5 3.8 77.8 
  
0.1 1.4 0.7 0.3 
 
0.3 
 
21.2 0.9 15.1 1.5 36.3 
 
100.0 
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4.3 Results and discussions 
Some conclusions may be drawn from the results of the EDS and SEM experiments, 
as follows. 
1. The increase of leakage current after short circuit is primarily due to the 
existence of metal elements in the layer of deposited contaminants. 
2. Samples with protective dielectric coating (1-5) show relatively low content of 
elements other than carbon and oxygen compared with all the other 
short-circuited samples. 
3. All short-circuited samples are rich in silver, while samples 1-5 and 6-5 are 
also rich in iron which might be due to their particular position in the base 
(position 5). (This region also appeared visually different from the other 
regions of the short-circuited base). 
4. The distribution of different elements in the layer of contaminants deposited 
during short-circuit is not uniform throughout the layer. 
5. In the case of virgin samples, Sb and Ti primarily comes from the pigments, 
while Na, Al, Si, S, and K come from the composition of the glass fibers. 
6. The reason why sample 1-2 shows relatively high content of Al and Si might 
be due to the fact that the signal of these two elements is from the protective 
dielectric coating under the deposited contaminant layer, rather than from the 
deposits themselves. 
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Chapter 5. Identification of active component of protective coating 
5.1 SEM & EDS measurements on protective coating 
Environmental scanning electron microscopy (SEM) equipped with energy-dispersive 
X-ray spectroscopy (EDS) was used to study the morphology and composition of the 
cured protective coating. Protective coating was cured in air after gentle application to 
the surface of a virgin PC sample. 
5.1.1 SEM measurements on protective coating 
Figures 5.1a) and 5.1b) show the SEM image of the cured coating at bevel (cross 
section) and surface of the PC base, respectively. Fillers with different diameters are 
observed in the coating with diameters from roughly 5 to 10 μm. The size of fillers is 
more clearly observed in Figure 5.2 at the magnitude of 3000X. 
  
Figure 5.1. SEM image of the coating at a) cross bevel and b) surface, at 500X 
magnification. 
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Figure 5.2. SEM image of the coating surface at 3000X magnification. 
5.1.2 EDS measurements on protective coating 
The results of the EDS examination are listed in Table 3. In Figure 5.3, various 
elements are mapped according to their spatial distribution over the image presented 
in Figure 5.2. Combining the measurement results from Table 3 and Figure 5.3, it can 
be found that Ti is clearly localized and matches with the light particles. Al is 
somewhat localized and correlates with the gray particles. Si appears to be uniformly 
distributed, except where Ti is elevated. Fe appears at a low level and is not obviously 
localized. Oxygen is broadly distributed and appears in all phases. For geometric or 
other reasons, it seems elevated where Al is high.  Carbon appears to be broadly 
distributed, being elevated in only a couple of areas where the other elements are low. 
It is likely that the filler used here is a kaolinite (kaolin) filler; Al-Si-O. It is 
noteworthy that the variation in measurement results between the coating surface and 
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bevel seems primarily due to the difference in geometry of the samples rather than the 
difference in sample composition. Al, Si, Mg and K are commonly observed in 
naturally-occuring clays, while Ti is widely used as a whitener in all kinds of coatings 
regardless of the color.  
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Figure 5.3 Distribution maps of different elements (C, O, Al, Si, Ti and Fe) appearing 
in the cured protective coating, corresponding to the image of Figure 5.2. 
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Figure 5.4. EDS spectrum of cured protective coating based on Figures 5.3. 
Table 3. Results of energy-dispersive X-ray spectroscopy (EDS) on cured protective 
coating. Significant elements for each sample/location are highlighted. 
Project Path 
Spectrum 
Label 
C O Mg Al Si Ti  
 
K 
 
Coating-1/coating Bevel 500x 32.8 44.4 0.1 9.5 12.5 0.4 0.3 
Coating-1/coating Surface 500x 27.4 42.3 0.2 12.3 17.4 0.4 0 
5.2 SEM & EDS measurements on clay fillers 
An environmental scanning electron microscope (SEM) equipped with 
energy-dispersive X-ray spectroscopy (EDS) was used to study the morphology and 
composition of the cured protective coating. Pure fillers were obtained by thermally 
decomposing cured coating in a furnace at 700 °C for 3 hours to burn off the polymer 
matrix. This temperature was chosen based on the result of a TGA test on the cured 
protective coating, which showed that the coating finished decomposing around 
700 °C, leaving 70 % residue. 
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5.2.1 SEM measurements on clay fillers 
Figures 5.5 and 5.6 show the SEM image of filler particles at two different 
magnitudes. Fillers show a flake morphology which is a common morphology of 
naturally-ocurring clays. It can be observed from the SEM images that aggregation 
has happened to the fillers which might due to the sintering process. 
 
Figure 5.5 SEM image of the fillers at 5000X magnification which shows a typical 
flake morphology of nature-ocurring clays 
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Figure 5.6. As for Figure 5.5 but at 20,000X magnification. 
5.2.2 EDS measurements on clay fillers 
The results of the EDS examination are listed in Table 4. In Figure 5.7, various 
elements are mapped according to their spatial distribution over the image presented 
in Figure 5.6. It can be observed that Al, Si and O are closely related to each other 
indicating that the clay filler is un-modified. The reason for this is that, if other filler 
has been added to modify the properties of the product, this close connection between 
these three elements would be interrupted in the EDS map.  A comparison between 
Figures 5.4 and 5.8 shows that the weight percentage of carbon has greatly decreased 
during the thermal decomposition, but that carbon has not been completely removed. 
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Figure 5.7 Distribution maps of different elements (C, O, Mg, Al, K and Si) appearing 
in the cured protective coating, corresponding to the image of Figure 5.6. 
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Figure 5.8. EDS spectrum of pure fillers at 1,500X and magnification. 
Table 4. Results of energy-dispersive X-ray spectroscopy (EDS) on pure clay fillers. 
Significant elements for each sample/location are highlighted. 
Project Path 
Spectrum 
Label 
C O Mg Al Si Ti  
 
K 
 
 
Na 
Pure clay filler Surface 1500x 2.41 49.22 0.17 19.11 27.87 0.98 0.13 0.11 
Pure clay filler Surface 200kx 2.00 45.64 0.19 20.45 30.69 0.69 0.33 0.00 
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5.3 FTIR measurements on protective coating 
Figure 5.9 shows the result of the FTIR test on the protective coating. The peaks in 
the regions 3700-3550/cm and 1200-450/cm may be assigned to the bond motion of 
Kaolin clay.  For comparison the standard FTIR spectrum of Kaolin clay is shown in 
Figure 5.10 [38]. 
Figure 5.11 shows the FTIR test results of the protective coating in absorption mode. 
Better resolution is achieved with the transmission measurement method used in 
Figure 5.9.  
 
  
  
7
1 
 
Figure 5.9 FTIR spectrum of protective coating in transmission mode. 
 
Figure 5.10 Standard FTIR spectrum of Kaolin clay [38].
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For the two groups of peaks at the range of 3000-2800/cm and 1600-1300/cm shown 
in figure 5.11, it is possible that they are the results of the overlapping of the peaks of 
different xylene isomers, the standard FTIR spectrum of different xylene isomers is 
shown in Figure 5.12. The mixture of xylene isomers which is often referred to as 
xylenes is commonly used as a solvent in thinning paint.  
It is noteworthy that for industrial use xylenes are often mixed with toluene and 
benzene in a process called BTX and this mixture of three substances is often used as 
a paint thinner as well. The standard FTIR spectrum of toluene is shown in Figure 
5.13.  Due to the structural similarity of xylenes and toluene, their standard FTIR 
spectra appear quite alike, which makes it hard to separate them from one another 
without conducting modeling work. Based on available literature and complexity of 
the coating spectrum, however, it is more likely that both toluene and xylene isomers 
have been added to the coating. 
Regarding the small peaks that appear in the mid range (2300-1500/cm) of the 
spectrum, it is possible that they come from the pigments and resin used in the coating. 
The existence of the pigments has been confirmed by both SEM and the visible black 
color of the coating. Due to the size and distribution limit of the pigments, it is hard to 
collect enough information based on existing experimental conditions to help assign 
the composition of these peaks.  
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Figure 5.11. FTIR spectrum of protective coating in absorption mode. 
 
Figure 5.12a Standard FTIR spectrum of m-xylene isomer [39]. 
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Figure 5.12b Standard FTIR spectrum of o-xylene and p-xylene isomers [40].  
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Figure 5.13 Standard FTIR spectrum of toluene [41].  
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Chapter 6. General conclusions 
The average leakage current measured on PC bases of low voltage molded case 
circuit breakers, that are the subject of this study, increases by a factor of between 
10
3
 and 10
7 
after the short-circuit event. Generally speaking, samples cut from coated 
PC bases (1-3) with protective coating applied to positions 1, 2 and 3 show a lower 
leakage current than those cut from uncoated bases (4-6).  
Two possible mechanisms were proposed to explain the increase of leakage current 
after short-circuit. One is that, during short-circuiting, the polycarbonate base 
degrades causing the increase of its conductivity which in turn increases the leakage 
current. This mechanism has been disproved by the AC/DC conductivity test which 
shows small variations exist between the results for virgin and short-circuited PC 
bases. These variations might be due to either the property variations between 
different bases or the differences in their thermal treatment/short-circuit history. 
Even though there are differences between different sets of bases in AC/DC 
conductivity, the conductivity of all three sets of bases are still very low indicating 
that they are all good insulators and, hence, the PC bases are not responsible for the 
increase of leakage current. Another possible explanation is that the deposited layer 
is highly conductive, accounting for the increase in the leakage current. This 
hypothesis is supported by results described in this thesis, of SEM/EDS experiments, 
which show that a significant percentage of different metal elements exist in the 
deposited layers formed in the short circuit event. 
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Further, the composition and morphology of the virgin PC bases and surface deposits 
introduced by the short-circuit event have been studied by SEM/EDS experiments. 
The existence of glass fiber and pigments in PC bases has been confirmed by 
SEM/EDS experiments. The study of surface deposits suggests that the deposited 
layers on uncoated samples show a more even distribution than those of coated 
samples.  This observation can be used to explain why the uncoated PC samples 
have higher leakage current than the coated PC samples. Additionally, several metal 
elements were identified in the deposited layers which accounts for the increases of 
leakage current. 
The cured protective coating was studied by SEM, EDS and FTIR experiments to 
review its role in helping reduce the leakage current after short circuit event. Clay 
fillers were first observed by SEM. EDS and FTIR experiments were then conducted 
and the fillers were identified as Kaolin clay. Being a high performance insulator 
[42], Kaolin clay fillers in the protective coating are identified as the primary reason 
why the protective coating assists in reducing the leakage current after a short circuit 
event. Moreover, since the protective coating is not evenly applied to the surfaces of 
the PC bases it also plays a vital role in helping reducing the even distribution of the 
surface deposits, which also helps to reduce the leakage current. The existence of 
xlyene isomers and toluene in the protective coating matrix has also been confirmed 
by FTIR measurements. Due to the complexity of the protective coating system, 
however, it is impossible to identify every single component of the coating based 
only on the SEM, EDS and FTIR experiments. 
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Pure clay fillers obtained by thermally decomposing the cured protective coating 
were studied by SEM and EDS to help obtain a more detailed and precise 
understanding of their composition and morphology. The EDS measurement results 
show that the weight percentage of carbon has greatly decreased whereas the 
selected thermal decomposition process does not remove all of the carbon from the 
sample. Moreover, no sign of modification of the filler clay is observed, since Al, Si 
and O are closely related to each other in their spatial distribution. 
For the purpose of further improving dielectric performance of the low voltage 
molded case circuit breaker, a laser etching technique could be applied to the surface 
of the PC base to disrupt the uniformity of the contaminant layer deposited during 
short circuit. This goal could also be achieved by using other conductive material 
inside the polyester interrupter such as binary chromium based contacts, which could 
withstand higher temperature. Aluminum oxide ceramics are also a good option for 
the choice of insulation material used in the circuit breaker which could provide 
good insulation property as well as sufficient mechanical strength. As for the 
protective coating, increasing the loading of Kaolin filler could also help to improve 
the product’s dielectric performance. 
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